A specific 4641Da amino acid polymer entity is present in two CV3 meteorites Acfer 086 and Allende, together with its breakdown polymer fragments of mass < 2000Da. Previously in Allende and Murchison meteorites we had detected polymer amide of mass < 2000Da using a new method based on Folch extraction of micron meteoritic particles with hydrophilic and hydrophobic phases. Low temperature extraction kept polymer amide intact whereas previous methods had resulted in degradation via boiling the samples. Acfer 086 and Allende polymer amide composition was predominantly glycine with partial content of hydroxy-glycine and alanine. Detection was via matrix-assisted laser desorption time-of-flight mass spectrometry (MALDI/TOF/MS). Amino acid analysis showed that the amino acids present were almost entirely bound in polymers prior to acid hydrolysis. Fragment analysis provided a possible subunit structure for the 4641 species. In the Allende polymer fragment data heavy isotope satellite enhancement confirmed an extraterrestrial origin that could be in the interstellar medium or the protoplanetary disc. The dominance of 4641Da polymer amide suggested a replication or concentration mechanism. Analysis of the infrared modes of a proposed structure showed a peak in collective mode intensity at 20 residue length, giving a possible explanation in terms of optimized energy absorption for the dominance of this size of linear glycine-based structure.
Introduction
Using a new method of analysis we recently discovered amino acid polymers in two carbonaceous chondrites, Allende and Murchison [1] (henceforth MM2015). In one of these, Allende, we found statistical evidence for polymer comprising glycine, hydroxyglycine and alanine, bound in varying polymer lengths up to 20 amino acid residues. Previously a very wide range of individual "free" amino acids, most of them nonproteinogenic, had been documented in meteorites, dating back to a paper by Kvenvolden et al. [2] and now the subject of a number of reviews and commentaries [3, 4, 5, 6, 7] . As noted in [6] the amino acid extraction protocol was very constant in almost all of this work, depending upon release of amino acids via hot water extraction for 24hours at 100C. In MM2015 the rate of peptide bond hydrolysis in 100C water was assessed to be high enough to have hydrolyzed a fraction of bonds within possible amino acid polymers, especially if the solution was rather strongly alkaline due to meteoritic alkali content. It was therefore possible that at least some of the "free" amino acids observed in prior work had been produced by degradation of polymer amide during the extraction process. Throughout the published data a further fraction of amino acids that had been released upon acid hydrolysis was referred to as a "bound" fraction, but the source of these has not been discovered [3] . It was proposed that the "bound" amino acids are in fact products created in strong acid conditions from precursor molecules [8] but that they could have been released by peptide bond hydrolysis of polymer amide received little discussion. In contrast to prior methods, the method we have used to observe polymer amide, described in detail below, employs grinding out an internal sample of meteorite using a vacuum-brazed diamond burr, followed by room-temperature extraction of the fine particles in a Folch 2-phase solvent mixture [9] , then MALDI (matrix-assisted laser desorption of ions) mass spectrometry to give a highly sensitive view of molecular entities with mass-to-charge ratio up to 50,000.
As background we describe the provenance of the CV3 class of carbonaceous chondrite of which two representatives, Allende and Acfer 086, produced the polymer amide of the present report. Carbonaceous chondrites with composition resembling the Vigarano meteorite are designated 'CV' [3] and a designation of level 3 for petrological alteration is the lowest level, implying both low aqueous alteration to the meteorite's material while within its parent body and also low thermal metamorphism. Based mainly upon spectrum similarities in the visible and infrared [10] but also upon the match in density and radar signature [11] it has been tentatively suggested [11] that the common parent body of CV class meteorites could be Asteroid 21 Lutetia, which belongs to the low-albedo "C" group of asteroids. This asteroid has an average diameter of about 100km, sufficiently large to develop a high internal degree of heat via radioactive decays and to support a convective circulation [12] . The paleo-magnetism of Allende may indicate that its parent body was sufficiently large to have an iron core [11] . Although hot at its center for tens of My after formation, the surface temperature would have been <0C throughout its existence, with cool material extending inward for 5 -10km. A meteorite ejected from its surface would likely contain material that was very little altered from the asteroid's original accretion out of interstellar material within the proto-planetary disc. Indeed, Zolensky et al. [13] describe both Vigarano and Allende CV3 meteorites as sparsely altered, having similar olivine grains both in the matrix and chondrule rims. Early work with Allende failed to detect amino acids [14] but two reports [15, 16] have since described a low to moderate abundance. A survey of amino acid abundances across different meteorite types [7] places CV meteorites toward the lower end of the range, with the sum of proteinogenic amino acid concentrations adding up to less than 1500ppb (mass ratio). In summary, Allende is from the least altered class of accreted material, probably never having been exposed (in bulk) to a sustained temperature above 0C. Based on the dates of their chondrules an age progression of chondrite formation may be deduced (from oldest to youngest) CV > CM > CO + OC > CR [17] and therefore the CV3 class promises to hold a record of well-preserved chemistry from the very formation of the solar system, if not from pre-solar times.
Because amino acids and their polymers are ubiquitous on Earth, we have to be reassured that species observed in meteorites are not due to contamination, either while the meteorite lay on the ground, or during subsequent handling. Many meteoritic amino acids are "non-proteinogenic', never having been observed in the biosphere. Others that overlap with biology have a general tendency to be present in a racemic mixture whereas the Lenantiomer dominates in terrestrial proteins. This is a pointer toward extraterrestrial origin, but an "L" excess has also been seen in certain meteoritic amino acids [18, 19, 20, 21, 22] making the enantiomer ratio a less-than-perfect indicator that could generate false negatives -i.e. an amino acid could be truly extraterrestrial even though it showed an "L" excess. It appears that the strongest indicator is an isotope signature of enhanced D/H, 13 C/ 12 C, 15 N/ 14 N or 18 O/ 16 O -and moreover a signature directly from the chemical in question via a "compound specific" test. Such tests have shown that D, 13 C and 15 N are regularly enhanced in meteoritic amino acids ( [18, 23, 24, 25] . Measurements of very high isotope enhancements by secondary ion mass spectrometry [26, 27, 28, 29, 30] do not identify the chemical compounds that contained the heavy isotopes. In order to link isotope ratios to specific chemicals the usual measurement of isotope ratios involves firstly separation of the chemical under study [18] then pyrolysis followed by mass spectrometry, often requiring gram quantities of meteoritic material. Here, in support of their extraterrestrial provenance we report the signature for isotope enhancement in polymer amide molecules identified via MALDI/TOF mass spectrometry in the mass 1,000 range, using a very small (10mg) initial sample mass. Although this MALDI information is partial, in that all isotopes are additive in MALDI and cannot be distinguished from each other, nevertheless anomalous values well above terrestrial have a clear collective signature.
Here we describe in more detail the composition and properties of Allende and Acfer 086. Our CV3 samples are fragments that do not show any heat-burnished exterior surfaces and are curated in dry, sealed conditions at the Harvard Mineralogical and Geological Museum. Acfer 086 is one of a large collection of meteorites found in the Algerian Sahara, extensively referenced in [31] . It is a CV3 chondrite, unpaired, that shows a low level of shock (category S1) and a moderate degree of weathering (category W3). Wlotzka et al. [32] have obtained via 14 C dating the terrestrial ages of many Acfer meteorites (not Acfer 086) and a weathering grade W3 was found to correlate with a terrestrial average residence time of 13,000 years. In contrast, Allende [33] was a recorded fall after which samples were rapidly collected. The carbon and nitrogen content of Acfer 086 cannot be found in the literature, although the concentrations of Fe, Ni, Sm, Sc, Na, Mn, Zn, Se and S have been recorded [34, 35] . One large difference between Acfer 086 and Allende relates to the sodium content, measured at 543ppm in Acfer 086 vs 3122ppm in Allende [34] . It has been suggested that sodium can be lost during weathering [35] . The levels of many other elements in Acfer 086 and Allende have been given, relative to Orgueil, by Hammond et al [36] and Orgeuil levels themselves are given by Anders and Grevesse [37] . Although the abundances in general are extremely similar, Acfer 086 has excesses over Allende for U, Ca, Sr, Ba, Li and K and deficiencies in Ir, Mo, Ni, Co, Ag, Cs and Na. In the analysis below we will refer to the concentrations of alkali ions, which are summarized in Table 1 . No reports can be found of amino acid measurements in Acfer 086. Allende, on the other hand, has been very extensively studied for elemental composition and amino acids. Initially [14] Cronin and Moore were unable to detect water-soluble amino-acids in Allende, but Harada and Hare [15] established by hot water extraction and inner drilling that three amino acids persisted at increasing depths from the surface, namely glycine, alanine and an unknown species they tentatively identified as b-alanine. At the surface they measured a broader range of terrestrial amino acids at two orders of magnitude greater concentration than at depths greater than 6mm, indicating possible surface contamination, and providing a model for our own drilling method, described below. In MM2015 the amino acids in Allende were below our detection threshold, but glycine was dominant in the present report. Amino acids in Allende have also been reported by Burton et al. [16] . 328 [36, 37] ; 268 [39] 792 [36, 37] We arrived at the study of polymer amide in meteorites by way of earlier work on a simple hydrophobic polymer amide (ATP synthase subunit c) that is (genetically) highly conserved and shows rugged, almost material-like properties. These earlier observations led to speculation as to whether such a simple and rugged class of molecule could have formed at the start of a solar system or even in pre-solar times out of the main elements H/C/N/O in gas phase space (helium excepted). The biological polymer, subunit c of ATP synthase, is the rotor component of the complex of proteins that makes the cell's energy source ATP. We observed that it could function alone in nanometer scale holes in a silicon chip [40] and form a beta-sheet polymer vesicle skin around water that entrapped and ordered the water molecules to <1pm precision [41] , henceforth MM2008. A molecule with these rugged, versatile properties seemed to us to be ideal to function, if it could form in gas phase space, as a binding element via its hydrogen bonds, of the stellar dust of silicon, minerals and water. A theoretical study [42] (henceforth MM2014) of the interaction of pairs of amino acids in the gas phase conditions of a warm dense molecular cloud showed that indeed there could be exothermic polymerization, suggesting that polymer amide as a material could in principle have had a pre-solar existence, dating back even to the era of first generation stars when C, N and O were first produced in quantity alongside H and He. It was suggested in MM2014 that such polymers could aid accretion by virtue of their many hydrogen bonds and flexible backbone. Techniques from the isolation of this small hydrophobic protein were applied to meteorite extraction. Etching of meteorite samples to produce micron scale particles (Fig.1D ) Operatives were suited and wore powder-free nitrile rubber gloves. In a clean room extractor hood, at room temperature with high airflow, the samples were hand held while being etched to a total depth of 6mm with diamond burrs. The diamonds had been vacuum brazed at high temperature onto the stainless steel burr shafts to avoid the presence of glue of animal origin and organics in general. Etching on a cut/slice face (not an original exterior weathered face) was via slow steady rotation of a burr under light applied force via a miniature stepper motor that did not have motor brushes and did not contribute metal or lubricant contamination to the clean room. Two shapes of burr were used, the larger diameter type, in two stages, to create a pit of diameter 6mm and depth 6mm, and the smaller conical burr to etch a finely powdered sample, of approximately 1µm particles, from the bottom of the pit without contacting the sides. After each stage the pit contents were decanted by inversion and tapping the reverse side and a new burr was used that had been cleaned by ultrasonics in deionized distilled (DI) water followed by rinsing in DI water and air-drying in a clean room hood. The powder from the third etch was decanted with inversion and tapping into a glass vial. Sample weights were in the range 2-8mg.
Materials and methods

Folch extraction of polymer amide from meteorites (Fig.1E & F)
Solvents chloroform/methanol/water were added to the glass vials containing the etched particles in the ratio 70/20/10 per the Folch extraction protocol [9] to give a meteorite particle/Folch extract solvent concentration of 2-3mg/ml. Chloroform is pipetted first into the glass bottle containing the meteorite particles, followed by methanol and then water to get the phases established. Gentle swirling of the contents results in the meteorite particles locating at the interface of the bottom phase (mainly chloroform) and top phases (methanol and water). As the particles solvate, a torus topology forms at the interphase of the chloroform and methamol/water phases (MM2015). After 6 days extraction in the clean room hood at room temperature the Folch extracts were pipetted off as 100µl aliquots from the top downwards through the phases, each phase being labeled separately and in order. These aliquots were then immediately stored at -20C until taken for mass spectrometry or amino acid analysis and then the aliquots were kept on ice prior to loading onto instruments.
Matrix Assisted Laser Desorption Mass Spectrometry (MALDI)
Mass spectrometry was performed on a Bruker Ultraflextreme MALDI-TOF/TOF instrument. As the matrix we used sinapinic acid at 10mg mL -1 in water/acetonitrile, 0.1% formic acid, for mass detection 50-50,000amu. Our resolution was of the order of 10,000 to 20,000 and we looked in the range m/z = 50-50,000, finding peaks from 200-24,000. A sample volume of 1µl was mixed with a matrix volume of 1µl and the spots allowed to dry. In some cases the dry spots were rinsed once with ultrapure water so as to remove alkali ions that can generate matrix cluster peaks in the spectrum. In MALDI/TOF there is considerable shot-to-shot variation and slight mass shifts occur based on laser energy. We found experimentally that on different days, after calibration against standard peptide mixtures, the instrument records the same peak with a precision of 0.2Da in the mass range 2,000Da. A precision of 10,000 rules out analysis via more advanced proteomic identification techniques that identify the atomic composition of single peaks via use of a resolution approaching 10 6 . Our response to this limitation is to analyze the whole spectrum at once via an integer mass procedure, discussed in the following section, that is designed to verify the presence of a trial amino acid composition of the polymer. Effectively we are comparing the whole spectrum with a "template" constructed from all the possible masses that can be generated from random combinations of the trial amino acid set.
Statistical analysis of MALDI results
For analysis in the range 200 < m/z < 1200 the mass spectrometry peaks are assigned to the nearest integral mass value as described in MM2015. A raw spectrum is filtered to remove peaks due to the sinapinic acid matrix and also peaks present in the volcano control, so as to remove handling or background contamination. The remaining peaks are processed as follows: Suppose we suspect that the unknown polymer amide contains three "trial" amino acid residues: glycine, hydroxy-glycine and alanine, with residue masses 57, 73 and 71 respectively. The polymer amide species will be HO(Gly)i(GlyOH)j(Ala)kH where the OH and H terminations due to aqueous solution are included. Rounding the mono-isotopic masses to integer masses, this species has mass (57i + 73j + 71k + 18). Using a pure polyglycine standard we have found that more often than not an additional proton is added to form the positive polymer amide ion, so a mass addition of either 18, or 18 + H exists above the sum of bare residue masses. This proton addition is also observed in the present MALDI analyses of meteoritic polymer amide. For simple trial amino acid combinations there often is a unique set of indices i, j and k that gives a match. As an example, suppose that an experimental m/z peak appears at 318 and it is singly charged. There is only one combination of the above set of trial amino acids that matches this mass: { i= 4, j = 0, k = 1, termination 18 + H}. This method does not deduce the polymer composition directly from the m/z peak, however, because other combinations of amino acids in different sets may also give the same 318 mass. Only when a large number of matches exists within an ensemble of m/z peaks is it possible to apply a statistical test to confirm the likelihood of a chosen polymer composition being present. When Q matches are observed for N experimental m/z peaks we can estimate from the binomial distribution just how likely it is to have this number of matches. If the probability of achieving Q matches randomly is very low, then it is deduced that the trial set of amino acids is very probably present in the sample. Before applying the binomial test we need to find the probability P of a match occurring randomly. The matches in set Q define a field of indices that we use to calculate all of the possible masses that can be generated throughout this restricted field. Dividing this total of possible masses by the mass range of the data yields the probability P of a random polymer matching an m/z peak composed of the trial set of amino acids, and giving a false positive. In practice, suppose, for example, that this evaluation gives P = 0.5, and there are Q = 18 matches found in a data set of N = 21 m/z peaks. The chance of this occurring randomly is 6 x 10 -4 , the same as the probability of achieving "heads" 18 times in 21 tosses of a coin. It may then be stated that there is a 1600:1 probability that there is a polymer of this composition in the sample. Any single example of a match would have been 50% probable just on a random basis, so that no conclusion could be drawn from one match, but the extension to large N made the detection of a specific polymer type achievable. Other trial sets of amino acids also have to be run against the data and their probabilities evaluated in a similar fashion. The statistical confirmation of one specific trial set has then to be augmented by different types of data such as TOF/TOF fragmentation and amino acid analysis.
Amino Acid analysis via Acid Hydrolysis and LC/MS for amino acids
Gloves were worn at all times. From each layer of the Folch extract a 100µL sample was placed in a 60mm glass tube marked with a diamond tipped pen then dried by Speedvac. Glass tubes were placed in a larger vacuum vessel that holds 12 glass tubes maximum. 200µl of 6N HCl was placed in the bottom of the large vacuum vessel using a long pipette tip. The vessel was made devoid of air with alternating purges of vacuum and nitrogen (3X) using the hydrolysis port and oven. The vessel cap was in the closed position after the last purge and the vessel was removed from the hydrolysis port and placed in the oven. The vapor phase hydrolysis took place at 130 C for 1 hour. After 1 hour the vessel was removed from the oven and let cool for a few minutes. The glass tubes were removed from the large vessel with plastic forceps, wiped clean of acid with a Kimwipe and dried in the Speedvac for 10minutes. At this point 50µL of water was added to the samples, followed by vortexing and removal to an Eppendorf. Following hydrolysis, amino acids were assayed using an Agilent Technologies 6460 Triple Quad machine operated in the multiple reaction monitoring (MRM) mode. The LC column was type Phenomenex Luna SCX (50 x 2.0mm). Solvent A was 30mM ammonium acetate and solvent B was 5% acetic acid. The flow rate was 0.4mLs -1 . Between 0.00 and 6.00min. the flow comprised 87.5% solvent B and 12.5% solvent A. Between 7.00 min. and 11.00min. the flow comprised 100% solvent A. Finally solvent B at 87.5% with solvent A at 12.5% were added to equilibrate for 3min. Amino acids were ionized by electrospray and detected by charge amplifier. In MRM the precursor ion was 19mass units heavier than the bare amino acid residue. After fragmentation, characteristic product ions were followed in real time. As an example, glycine residues of mass 57 were terminated via water solution to mass 75, then protonated to mass 76 in the ionizer of the mass spectrometer. In the quadrupole the dwell time was 50msec, and fragment ions of masses 30.1 and 48.1 were measured. The mass 30.1 signal was used to quantify glycine. Calibration was via 10µMolar pure amino acid samples. For the above LC/MS assay, 10µL was extracted from the 50µL hydrolyzed sample in the Eppendorf tube. The smallest detectable concentration in the solution loaded for LC/MS was approximately 20nMolar. Considering that this was present in a 10µL volume, the smallest detectable amount of an amino acid loaded onto LC/MS was 2x10 -13 Moles. For a typical molecular weight of 100, this becomes 20picograms. In the results section we report the detected concentrations before and after hydrolysis for the three bottom fractions where 1µMolar (50 times the minimum detectable) is equivalent to 1.0nanograms loaded onto the LC/MS for a typical amino acid. From the meteorite sample masses and the Folch solution volumes, 1µMolar corresponds to 13,560ppb, or alternatively 135nmol/g for Acfer-086; 14,875ppb, or 148nmols/g for Allende; 8,750ppb or 87nmols/g for volcano control. However, these numbers assume equal distribution of extracted polymer amide throughout the whole Folch volume whereas the data shows a concentration of polymer amide around the region at the top of the chloroform layer and the bottom of the water/methanol layer. When the sample is only taken from this layer, an artificially high polymer amide reading is obtained, consequently the quoted nmol/g above can in theory overestimate the meteoritic concentration by up to ten times.
Method for analysis of heavy isotopes
With such small samples it is not possible to separate a single polymer composition and subject it to pyrolysis and gas phase mass spectrometry, the classical method to determine compound-specific isotope levels. In our data we observed anomalous Dm = +1 and Dm = +2 satellites to m/z peaks that showed higher than terrestrial values relative to the primary peak, hence we introduced the analysis presented below in section 3.4 to test trial assumptions of heavy isotope enhancement vs the data. This technique is most sensitive for masses in the range of 1000Da, for which the terrestrial Dm = +1 satellite is approximately 50% of the primary peak. Because the heavy isotopes are superimposed in these satellites we can only obtain a collective estimate of their presence, which, however, is a good indicator of extra-terrestrial origin.
Computational methods for potential polymer structure and its IR spectrum All molecular structures were built and analyzed using Spartan software [43] . Molecular geometry was refined prior to any ab initio energy calculation via molecular mechanics using the MMFF94 force field [44] . The MMFF94 force field was used to determine energy and the infrared (IR) spectrum when comparing different lengths of polymer.
Results
Mass spectrometry and analysis
Mass spectrometry was performed as described in "methods" on samples from the bottom, middle and top phases of the Folch extracts (Fig.1E) . The middle and top phases yielded m/z (mass to charge ratio) peaks that were common to the volcano control and the meteorites, whereas the peaks unique to meteorite resided in the uppermost layer of the bottom (chloroform) phase. In the following analyses the polymer peaks were all derived from that layer. Sinapinic acid spectra are often modified by the addition of one matrix mass m minus a hydrogen (m -H = 223.07) to a true peak [45, 46] and such "wings" were removed from the m/z < 2000 data.
The 4641Da species Figure 2 shows mass spectra in the 0 < m/z < 20,000 range of Acfer 086, Allende and the volcano control using sinapinic acid matrix, taken on the same spectrometer run and displayed on the same scale. In addition to the 4641 peaks there are multiples at 9.3kDa; 14kDa; 18.6kDa (only Acfer) and 23.2kDa (only Acfer), and a peak at m/z = 2313 that is assigned to a doubly charged 4.6kDa entity. The region 4000Da < 6000Da from Figure 2 is shown again at higher resolution in Figure 3 . The m/z > 4000 data is assembled in Tables 2 and 3 for Allende and Acfer 086 respectively, showing the relative amplitude of the peaks and the proposed structural identification. Within the structures there is an entity V* of mass 2297.81 that is inferred below from the analysis of the m/z < 2000 fragments seen at the low end of the data in Figure 2 and listed in Tables 4 and 5 . Because of certain coincidences, it cannot be determined from our data whether the various adducts to the 4641 species are composed of hydroxylations shown as 'OH', with a mass addition of 16 together with a lithium addition of mass 7, or equivalently of a sodium atom of mass 23. Although we have given the matches in Tables 2 and 3 in terms of 'OH' and Li, there are other interpretations involving Na = 'OH' + Li, or even K = 2'OH' + Li. 
The m/z < 2000 fragments
The m/z peaks unique to meteorite at m/z < 2000, after removal of peaks also present in the volcano control, as well as matrix "wing" peaks, are listed in Tables 4 and 5 for Allende and Acfer 086, respectively. We found that almost all peaks could be matched with combinations of glycine, hydroxy-glycine and alanine, with a uniform aqueous termination of mass 18, or a termination of 18 plus a hydrogen or lithium atom. The mass 18 aqueous termination plus a hydrogen atom is a pattern seen in the spectrum of pure poly-glycine in aqueous solution. Meteoritic polymer amide was first determined (MM2015) to contain these three amino acids and the 18 or 18+H termination via use of the binomial statistical analysis described in the "methods". When, in the present work, lithium appeared in the composition of the 4641Da species, we introduced lithium alongside amino acids as a trial constituent of the fragment m/z < 2000 mass peaks, with the result that more matches were found and a much better statistical identification of the mixture was obtained versus restriction to hydrogen. In order to evaluate the probability of achieving so many matches in the Allende case of Table 4 , we counted the number of possible masses that satisfied the criterion {arbitrary Gly ; 0->3 GlyOH ; 0->1 Ala ; 0->1 Li ; 0->1H, and termination 18} to find that the probability of fitting a random mass by chance was 42% in the range of the data. Using the binomial distribution we found that the probability of randomly having 19/25 matches in Allende (not counting 2Ala in 3 cases) was 6x10 -4 . Applying the same analysis to Acfer 086 fragments, listed in Table 5 , we found 21 matches to 24 peaks with a probability of 5 x 10 -6 that they could have occurred randomly. Each meteorite gave similar ratios of glycine: hydroxy-glycine: alanine as shown in the Tables. There was a marked excess of GlyOH triplets in this data, giving additional weight to the observation of exactly 3GlyOH as a mass component in TOF/TOF fragments reported previously (MM2015) and further discussed below. There is an overall correlation between m/z peaks in Allende and Acfer 086, best illustrated by the "stick" graph of Figure 4 . Not only is there a family resemblance in the 4641 region, but many of the fragments also are in common. We use this, together with the very similar Gly/GlyOH/Ala ratios (Tables 4 and 5 ) to permit the merging of the two data sets for the purpose of finding the most appropriate model, discussed in the following section. Derivation of a subunit structure for the 4641Da species from the fragment data. We have followed the fitted distribution of Gly, GlyOH and Ala in order to create a "parent molecule" that also meshes with the 4641 set of peaks. In Figure 5 we propose a subunit labeled V* that specifically incorporates two groups of three contiguous GlyOH residues that are postulated to be pre-existing within the meteorite, and not merely formed postextraction in the alkaline solution. If the modification of glycine to GlyOH had been occurring post-extraction, then it is unlikely that we should have seen exactly three hydroxylations across so many experiments. In order to envision the relative distribution of glycine and hydroxy-glycine we have compiled in Figure 6 a visual display of the data from five experiments including the Allende data from MM2015 and both Allende and Acfer 086 data from the present set. The eye is drawn to a horizontal trend for exactly 3 GlyOH masses in the fits to data. The average count of alanine is only 0.7 in this data compilation. Our hypothetical V* has to fragment into the distributions we observe. 
The 3GlyOH groupings and their locations in V*
The weighted ratio of GlyOH : (Gly+Ala) in the merged data of Tables 4 and 5 is 0.209, suggesting that for each stretch of 16Gly, that may contain one Ala via methylation, there are 16 x 0.209 = 3.3 GlyOH residues. In the construction of V* this is rounded to 3. There is information on the grouping of these residues to be obtained from their frequent appearance as exactly 3GlyOH in the fragments. Because the composition is evidently similar, we were able to merge the data from Tables 4 and 5 to obtain better statistics. In 43 fits of fragments under the merged fragment analysis, 32 had GlyOH present, but none had more than three GlyOH residues. The Allende and Acfer 086 merged data in Table 6 shows that 3GlyOH occurs much more often than 2GlyOH or GlyOH, and somewhat more often than 0GlyOH. Tables 4 and 5 , and results of a fragmentation simulation with varying residue count X.
The last four columns of Table 6 show the results of a fragmentation simulation in which a fragment of length X = 12, 11, 10 or 9 residues is cut out of V* from any of the 38 possible locations, as illustrated in Figure 5 . By chance the simulation numbers, which each add up to 38, are on the same scale as the data numbers of fits, so it is easy to compare them, to find that an 11-residue excerpt gives a good match to the merged GlyOH distribution. This agrees well with the measured (weighted) average number of residues in a fragment, which is 10.5, indicating the self-consistency of proposing that there are two separate groups of 3GlyOH that are equally spaced in the V* loop (but not proving it definitely).
Lithium atom on one 3GlyOH group
Analysis of the lithium content of the fragments yields a ratio of Li : (Gly+Ala) equal to 0.0308, using the merged data from Tables 4 and 5 and weighting the content of each species by the number of appearances of a peak. In V* the Ala arises via methylation of Gly in either of the two 16-Gly stretches, so the average number of Li atoms in V* is 32x0.0308 = 0.986. It is therefore accurate to include only one Li atom within V*. As to its location, we expect it to be attracted to the 3GlyOH regions, and note that within those there are 10 cases with 3GlyOH + Li in the fit, and 15cases with 3GlyOH + 0Li in the fit. Apart from these there are only 2 cases involving Li and not GlyOH. It is very likely from this distribution that one Li atom is associated with one of the 3GlyOH groups, and that the other group does not carry Li.
Methylations (Glycine occasionally converted to Alanine)
Merging all the m/z < 2000 fits in Tables 4 and 5 we find that the fraction of Gly that has been methylated to Ala is Ala/(Gly + Ala) = 0.0615. In V*, with 32Gly, this would imply 1.97 methylations. From this we round off to 2 methylations, but there is no clear correlation with GlyOH to show whether these are positioned other than randomly. Further data may show where they tend to be located within the Gly stretches. In the models of Figure 7 we have applied one methylation to a random position within each 16 Gly stretch. The compact methyl groups do not perturb the anti-parallel beta sheet structure. 
Structure and mass of V* and its dimers
The proposed V* molecule is drawn in Figure 7a&b as a loop, without direct proof from the data, because such a structure without reactive termini has a definite mass, sufficient to explain the precise appearance of the 4641 species in two different meteorites. Retrospectively, V* would not have provided the matches in Tables 2 and 3 if that polymer had an aqueous termination with a mass addition of 18. Such a polymer amide loop buttons up as a stable anti-parallel beta sheet, as illustrated in Figure 7a . Two units of V* may also lock together via an anti-parallel set of hydrogen bonds to form a very stable dimer with two lithium atoms present, as illustrated in Figure 7b . We have arbitrarily drawn this dimer object with 6GlyOH residues in proximity at each end, contributing a hydrophilic character to its ends and possibly encouraging further additions of water or alkali atoms, to generate all of the mass peaks in the "4600" range. Employing mono-isotopic masses we find M(V*) = 2,297.81 and its dimer M(2V*) = 4,595.62. However, data collection is spread over several mass units around a peak in the m/z > 4000 range, so we must employ the average isotopic mass of Li, M = 6.94, rather than the mono-isotopic mass of 7. The 2V* dimer is then at 4,595.50Da which matches the lowest mass peak within the "4600" group of Acfer 086 (observed mass 4,595.12), within the MALDI observational accuracy of approximately one part in 10,000. The 2V* structures need an additional mass of 46 units in order to constitute the dominant 4641 peak seen in both Acfer 086 and Allende. One possibility is that this could be contributed by two sodium atoms, one at each end of the 2V* dimer (Figure 7b) . One of the differences between the Allende and Acfer 086 "4600" complexes is that Allende starts exactly at the main peak 4641 whereas Acfer 086 starts at 4595. If sodium atoms are the means for conversion from 4595 to 4641, then the more complete conversion in Allende would be consistent with the six times higher sodium content of Allende relative to Acfer 086. In Tables 2 and 3 the assignment of sodium is not unique as its mass of 23 could also be composed of one hydroxylation (an alpha hydrogen on glycine replaced by OH with a mass addition of 16), plus a lithium addition, as discussed above. The higher multiples of the 4.6kDa species seen in Tables 2 and 3 are possibly bound together by alkali ions, a process also seen in the clustering of MALDI matrix molecules in the presence of alkali ions [47] .
Amino acid analysis
The top layer of bottom fractions of Allende, Acfer 086 and volcano extracts were analyzed for amino acids via acid hydrolysis and LC/MS in an instrument calibrated to detect the 20 biological amino acids at concentrations down to about 20nMolar (Table 7) . Before hydrolysis no amino acids were detectable in Allende, Acfer 086 or volcano, with the exception of Glu and Lys in volcano. Essentially no additional amino acids were found in volcano after hydrolysis, and the volcano readings provide a reference control for the meteorite data. The amino acid analyses showed higher overall concentrations in Acfer 086 than in Allende after hydrolysis. It is emphasized that our assay is set up to detect only the biological amino acids, so the presence of many others known to be extra-terrestrial was not investigated. In our previous experiments (MM2015) the Allende amino acid readings had been too low to register but in the present experiment there were readings above background (the volcano data is a background measure of laboratory contamination) for Ser, Gly, Pro, Ala, Phe and Leu, with Gly dominant. This data lends support to the dominant Gly interpretation for polymer amide in Allende. In Acfer 086 there are significant amounts of amino acids with Glu, Ser and Gly dominant. This caused us to check possible fits to the Acfer 086 polymer spectrum using combinations of these three residues, but no significant grouping emerged. The amino acids other than glycine, while not free, are possibly in random polymers that do not occur with sufficient frequency to show up in the m/z > 2000 range. Heavy isotope excess from MALDI mass spectrometry satellites Examination of the mass spectrum satellites at Dm = +1 and Dm = +2 in relation to a fitted polymer amide peak showed intensity enhancements that indicated a heavy isotope excess. The present section derives a framework to analyze this effect. In a molecule with n hydrogen ( 1 H + 2 H) atoms in its formula we calculate the probability of obtaining k 2 H atoms from the binomial distribution [49] as
is the probability of a heavy isotope substitution. For example, if the ratio of heavy to light isotopes is
.5574 x 10 -4 for the terrestrial hydrogen standard. Similar considerations lead to values for pC, pN and pO, denoted in general by pX in Table 8 . In the polymer amide mass spectra (MM2015), certain peaks are seen to be matrix clusters because a) they belong to the sequence of clusters identified by Harris et al. [47] and b) they also appear in the volcano control spectrum, which is nominally devoid of polymer amide. A large amplitude matrix cluster peak occurs at 861 mass units ( Figure 8 ) (detail from MM2015, Fig. 2 ). This has isotopic (Dm = +1 and Dm = +2) satellites of amplitude 47% and 17% relative to the main peak. The '861' cluster has composition (M4KNa3 -3H) where the matrix is M = HCCA (a-cyano-4 hydroxycinnamic acid) of mono-isotopic molecular weight 189.043 and formula M = C10H7NO3. Here we calculate the '861' satellite amplitudes in detail to illustrate the procedure and compare with experiment. The composition of the '861' cluster is H25C40N4O12K1Na3. Of these constituents only 23 Na is naturally mono-isotopic. In the following table its heavy isotope probability is zero. Entries in the table are obtained from the binomial distribution [D] for k = 0,1,2,3 heavy substitutions in the n atoms of the species concerned, with n=25 for hydrogen, etc.
The isotope ratios are presumed uncorrelated, so the probability of having zero mass addition is the product of the individual PX(0) terms:
There are three different ways to have Dm = +1, involving H, C and N respectively. Oxygen and potassium jump to Dm = +2 immediately. The probability of having Dm = +1 is therefore:
262 Similarly, the possible combinations that give Dm = +2 sum to give S P(2) = 0.113 and the Dm = +3 sum is S P(3) = 0.033. By now, we have accounted for 0.98 of the collective isotope amplitude, with the remaining 0.02 assigned to Dm = +4 and higher species. The total of probabilities should sum to unity, when correctly carried to completion.
For comparison with experiment we normalize the Dm = 0 peak to be 100%, as listed in Table 9 . For satellites of this (terrestrial) 861 matrix peak there is good agreement with the Dm = +1 and Dm = +2 measured intensities but the Dm = +3 location appears to also carry another peak that obscures the true reading. 
Analysis of the polymer amide isotope satellite data
The identification of polymer amide in MM2015 was made on a statistical basis via consideration of the whole ensemble of non-matrix and non-volcano peaks. It was not certain that any given peak by itself was polymer amide. However, the likely polymer amide peaks in the m/z range 897 to 1106 shown in Figure 9 , reproduced from MM2015, Fig 3 had the enhanced isotopic satellites, averaging 100:74:54, listed in Table 10 . Using terrestrial values an isotope calculation was performed for the 1106 polymer amide peak 14Gly3GlyOH1Ala(t=18) in which there is a mass 18 aqueous termination t = (OH + H) and the formula is H58C37N18O22. The calculated ratio for the terrestrial version was 100:49:16, indicating a strong degree of satellite enhancement in the meteorite data. = +2  897  100  56  29  1034  100  84  70  1050  100  65  37  1066  100  67  26  1090  100  92  79  1106  100  80  73  Average  100 (from MM2015, Fig. 3) .
In an additional sample preparation of Allende via the above methods, but now with sinapinic acid matrix and extraction at -20C over a period of 42days, a new set of heavy isotope data was obtained. In order to more clearly resolve the isotope peaks the mass spectrometer was run in the "reflectron" mode, giving a resolution of about 50ppm. In this sample we observed dominant polymer fragments at 1108.6Da and 1124.6Da that are identified in view of the discussion in MM2015 as (14Gly,4GlyOH)t=18 and (13Gly,5GlyOH)t=18 respectively, with calculated mono-isotopic masses of 1108.38Da and 1124.37Da. Figure 10 shows a typical mass spectrum detail from this new data set. The quality of this data is improved over the 2015 data in both signal-to-noise ratio and resolution. We determined that the average 1108Da satellite ratio was 100 : 68.5 : 29.7 from eight measurements, and the average 1124Da satellite ratio was 100 : 61.3 : 28.0 from 10 measurements (Table 11 ). The grand average of the two peaks was 100 : 64.5 : 28.7 that reduced statistically to the result 100 : 65±3 : 29±4 as the most probable distribution to represent the data. The data of Table 11 was compared via the t-test to the calculated 1106 terrestrial ratio of 100 : 49 : 16 with the finding that both the Dm = 1 and Dm = 2 measured ratios were less than 1x10 -4 probable as samples of the terrestrial ratios. Calculated isotope satellites for the '1106' polymer amide peak (which also are very close to expectations for the 1108 and 1124Da peaks) are given in Table 12 [50, 26] . In Table 12 we show that the data matches extreme enhancements in either of 2 H or 15 N separately, and combinations of moderate enhancements involving both isotopes. (Table 10) 100 74 ± 5 54 ± 8 Average of observations (Table 11) 100 65 ± 3 29 ± 4
To conclude this analysis, the enhanced isotope satellites in 8 separate mass peaks in the 897-1124 range, obtained with two different MALDI matrix molecules, are indicative of substantially raised heavy isotope levels in meteoritic polymer amide. This approach does not, however, identify the specific isotopes, but gives a global enhancement picture that strongly suggests an extra-terrestrial origin for the polymer.
Modeling of polymer amide structure
Construction of possible molecular forms of the 4641 molecule was achieved via Spartan software [43] with every "trial" structure subject to molecular mechanical calculations and ab initio calculations if the atom number was <200. The structures displayed in Figure  6a&b represent trials based on our present incomplete knowledge which only further analyses will convert to actual verified structures. Modeling verifies stability of a structure, for example the antiparallel beta sheet of Figure 7a , and allows prediction of observables such as the infrared absorption spectrum. The calculated infrared normal modes revealed a growing mode intensity up to 20 residue length, but a collapse of mode coherence beyond this length, which was one of the considerations going into the choice of V*, to be further discussed below.
Modeling of the polymer amide infrared spectrum
The V* structure in Figures 5 and 7a with a mass of 2298Da was preceded in our modeling by simpler alternative labeled U* = 2(19Gly-bAla) with b-alanine at the loop turns:
U* is an alternative backbone model for a loop of polymer amide of mass approximately 2300 but U*, not containing GlyOH, did not match the observed lower mass degradation products whereas V* did. The U* structure was used for the IR simulations where only the backbone of the molecule is important to the calculations, and variation of the number of residues was studied. This proposed U* of dimensions 7.3 x 0.75 x 0.17nm has hydrogen bonds all along its length between the carbonyl and amide groups of the opposed glycine residues in an 'anti-parallel beta sheet" structure. Figure 11 shows the model for a canonical 40-residue U* and its uncorrected infrared absorption spectrum calculated in MMFF using Spartan software. In simulations of the IR spectrum of U*, we found that the most intense vibrational modes were collective ones, involving coupling along the molecular chain. The basic structure of the infrared spectrum is found to comprise bands at 3.1, 3.2, 6.2 and 7.1 microns associated respectively with the unperturbed N-H mode, a perturbed N-H mode, the amide I mode and an N-H rocking mode. Figure 12 shows the intensity of the strongest normal mode within each of the bands, as a function of the number of residues in one strand of U*. The intensity of the strongest mode increases dramatically up to a residue count of 20, but collapses in a rather random fashion above this size. The reason for this collapse is the onset above about 20 residues of a "kink" in the MMFF equilibrium geometry of U*. Below 20 residues the molecule is straight and there is collective re-enforcement of a given type of vibration as the result of coupling with the same type of vibration in neighboring residues. When N residues radiate (or absorb) collectively, the radiated intensity scales as N 2 , and such scaling appears in Figure 12 for N up to 20. The onset of a kink in the molecule breaks it into two smaller "good" regions that each radiate with a greatly reduced mode intensity that depends on where the kink has formed. In every case the strongest mode always belongs to the N-H rocking movement in which most of the N-H groups rock in synchronism toward first one end, then the other end of the molecule. This band has an absorption at 7.1µm and could be the most important one for energy collection. Although energy collection continues to increase with residue count for each of the bands the usefulness of this energy could depend on how much of it is concentrated into a single phonon mode, and if energy collection is a factor in the abundance of the 4641 molecule this data could be a good reason for it not to have more than 20 residues in its subunits. A comparison of 6 different polymer lengths, 10, 15, 19, 22, 25 and 30 is given in Figure 13 showing the kink in an otherwise straight polymer loop that occurs at lengths greater than about 20 residues, which is also the length we propose for V*. It is known that weak nonlinear interactions between the vibrations of neighboring polymer subunits can lead to the development of a kink [51] . In the present case the MMFF potentials are nonlinear and the mode calculation responds to this. 
Discussion
The polymer amide that we have characterized in this work is very probably of extraterrestrial origin, for the following reasons: 1. It was isolated via drilling a depth of 6mm into meteorite samples and discarding shallower material 2. A control of volcanic rock, curated in the same conditions and subject to the same drilling and extraction did not show polymer amide at all 3. Typical polymer amide fragments in the 1000 mass range showed a heavy isotope enhancement in mass spectrum satellites that was significantly in excess of terrestrial levels 4. The amino acid composition of the polymer was not able to be matched in a search for biological sequences and it contained rare hydroxylation of multiple glycine residues 5. At least one of the meteorites (Allende) was a relatively recent fall that was collected shortly after its appearance.
This confirms that one is indeed looking at extra-terrestrial material, but it does not settle the question of its ultimate provenance, whether from more than 5 billion years ago in the interstellar medium (ISM) or from the proto-planetary disc (PPD) at the time of the solar system's formation, approximately 4567My ago [11] . Heavy isotope enhancements were originally found in small molecules within the interstellar medium (reviewed in [50] ) but conditions in the proto-planetary disc could also have caused the concentration of heavy isotopes, particularly D, into small molecules ( [52, 53, 54, 55] , so a determination of enhancement by itself does not prove an ISM origin as opposed to one in the PPD.
Conditions in the ISM and PPD are harsh, both in terms of radical chemistry and ionization caused by cosmic rays. Although polymer amide molecules are tough (MM2008), it seems that the survival of polymer amide might depend upon its accretion into small "blobs" associated with water (MM2008 and MM2014) and other less abundant species such as silicon and iron. Such "nano-globules" would give protection to inner contents from ultraviolet radiation although they would not protect from direct impacts of cosmic rays. In a similar fashion to cosmic "dust" they could support icy surface "mantles", giving further protection. If they formed in the ISM and survived passage through the PPD, they could be incorporated into primitive meteorites of the CV class alongside dust relics. There have in fact been reports of nano-globules with raised 15 N content in meteorites, but their chemical composition is not yet known [26, 27, 28, 29, 30] . These nano-globule isotope measurements were made by nano-SIMS, which has 30-100nm spatial resolution, but only ejects small (two or three atom) ionic fragments, insufficient to identify a polymer. This technique may later help to localize polymer in cases where enhanced isotopes have been identified in polymer amide.
The most intriguing observation is that a single polymer type dominates the polymer amide spectrum, with fragments at m/z < 2000 originating from a proposed parent molecule centered at 4641. Apart from the 4641 complex and its multimers, there are no additional strong peaks in the m/z > 2000 region. When the presence of several other amino acids at comparable level to glycine is considered (data in Table 7 ) it is curious that the polymer spectrum is so unitary. Out of the millions of polymer amide masses that could be constructed from such a range of amino acids, why should a single mass dominate the others by a factor of much more than one hundred? This observation leads inevitably to the thought that the 4641 molecule has been produced in quantity by "replication" or has otherwise been concentrated. By "replication" we imply a process in which one molecule of polymer amide acts as a template, either directly or indirectly, for the condensation of a second identical molecule out of the glycine that is available. Thermodynamically, replication requires a certain energy input [56] so as to effect separation of the copy from the original template. It is this requirement that may give a clue as to the length of this polymer amide entity. Infrared light is absorbed with rapidly increasing efficiency up to the polymer length that begins to kink, discussed above in section 4.1, which is about 20 amino acid residues. This, we believe, could be the fundamental reason for the size of the present (proposed) replicating entity -it is determined by the need to collect energy at optimum efficiency so as to replicate most rapidly.
Partly guided by this consideration, and more precisely guided by the fragment distribution, we have proposed that there could be a subunit, named V*, of total 40 residue size (in a loop of 20 residue length, when stabilized by hydrogen bonds) and mass 2298Da, that combines to form the 4641 and higher mass polymers via the compositions assigned in Tables 2 and 3 . At this stage, we emphasize that V* is simply our best current proposal that fits the data, and that additional analysis has to be done when more data is available. In these tables we have presented the "lithium interpretation" because lithium emerged as an essential component in fitting the fragments (Tables 4 and 5 ). There is a larger quota of 4641 in Acfer 086 than Allende and the reported native lithium ratios in Table 1 reflect this. If polymer amide originated in the ISM after the first large increase in C, N and O had taken place (MM2014) then its reactivity with the lithium produced in the primordial nucleosynthesis [57] could have led to the lithium deficiency noted in astronomical observations [58] .
Conclusions
In two CV3 carbonaceous chondrites of very different history, but mostly identical elemental composition, we have observed similar polymer amide fragments in the m/z < 2000 region, and the same isolated mass peak at m/z = 4641 with associated higher clusters. A volcanic rock control sample subjected to the same extraction and analysis procedures did not contain polymer amide. A CV3 provenance dates the metoritic polymer to within a few My of the formation of our solar system, and most likely implies an earlier origin in the ISM. Also it implies that the polymer amide could have survived without alteration. By integrating the fragment information we have constructed a trial polymer amide subunit V* that satisfactorily fits the complex of peaks around 4641Da and is designed to break up into precisely the observed distribution of fragments. The dominance of a single species of polymer amide suggests that possibly it formed universally before our solar epoch via replication or that it was otherwise concentrated in interstellar molecular clouds.
